With the exception of mutants in gene 49, all mutants in phage T4 defective in the process of head filling accumulate a normal replicative DNA intermediate of 200S. Mutants in gene 49 produce a very fast-sedimenting (VFS) DNA with s values of greater than 1,OOOS. The intracellular development of the VFS-DNA generated in gene 49-defective phage-infected cells was followed by sedimentation analysis of crude lysates on neutral sucrose gradients. It was observed that the production of a 200S replicative intermediate is one step in the development of VFS-DNA. After restoring permissive conditions the development of the VFS-DNA can be reversed, but the 200S form is not regenerated under these conditions. The process of head filling can take place from the VFS-DNA under permissive conditions. From the absence of other components in the VFS-DNA complexes, its high resistance to shearing, its resistance against the attack of the single-strand-specific nuclease S1, and from its appearance in the electron microscope, a complex structure of tightly packed DNA is inferred. The demonstration by the electron microscope of branched DNA structures sometimes closely related to partially filled heads is taken in support of the idea that the process of head filling in gene 49-defective phage-infected cells is blocked by some steric hindrance in the DNA. In light of these results, the role of gene 49 is discussed as a control function for the clearance of these structures. A fixation procedure for cross-linking of gene 49-defective heads to the VFS-DNA allowed us to study progressive stages in the process ofhead filling. Electron microscopic evidence is presented which suggests that during the initial events the DNA accumulates in the vertexes of the head.
Mutants in gene 49 of phage T4 are deficient in the process of head filling. As a consequence, partially filled heads (14, 19, 25) and unmatured very fast-sedimenting (VFS) DNA accumulate in the infected cell (9) . As shown in the preceding paper (13) the VFS-DNA seems to be bound to the membrane during the life cycle of the mutant but can be isolated free of membrane or other material without changing a characteristic sedimentation rate of greater than 1,OOQS. These s values differ markedly from the reported 200S for the regular replicative intermediate, which was observed in wildtype or maturation-defective phage-infected cells with a functioning gene 49 (7, 8, 10) . In the following, experiments are reported that were done to investigate the relationship between the 200S and the VFS-DNA in vivo and to further analyze the structure of the VFS-DNA complexes by biochemical, physical, and electron microscopic methods.
MATERIALS AND METHODS Cells and bacteriophage. In addition to the strains ofEscherichia coli and phage T4 which were described earlier (13) , the phage mutant strains listed in Table 1 were used. All strains were obtained from W. B. Wood. Double mutants were constructed by standard procedures in our laboratory.
Chemicals and enzymes. Ethidium bromide was obtained from Calbiochem. Formaldehyde was purchased as a crystalline solid (paraformaldehyde) from Polyscience. The powder was dissolved in water to a final concentration of 2% (wt/vol) and neutralized by the addition of NaOH at 60 C. Polyethyl- (13) followed the procedure of Luftig et al. (25) . According to these authors, the heads have an s value of 350S. Different numbers were reported by other authors (19 (19) , who were able to show that the DNA content of the heads is dependent on the lysis procedure.
Lysis procedures. The lysis of phage-infected cells was achieved as previously described (13) . In the case of the polyethylene glycol-stabilized lysates, the procedure of Laemmli et al. (19) was adapted to our standard lysis procedure. Infected cells (4 x 109) were sedimented at 4 C by centrifugation and resuspended in 1 ml of 10-2 M phosphate buffer at pH 7. 1. An equal volume of lysis buffer containing 10-2 M phosphate buffer, pH 7.1, 20% polyethylene glycol, 2 X 10-3 M KCN, 0.6 M NaCl, 2 x 10-3 M EDTA, and 2 mg of lysozyme per ml was added. After 15 min at 0 C cell lysis was induced by the addition of Brij 58 as previously described (13) .
Cross-linking procedure and isolation of the cross-linked product. A combination of a sucrose gradient containing formaldehyde as a cross-linking agent and a CsCl block gradient for the separation of the cross-linked products was used in the same centrifugation tube. A density block gradient was formed from 1.5 ml each of solutions containing CsCl at 1.8, 1.5, and 1.3 g/ml. On top of this a linear 5-ml sucrose gradient containing 35 to 15% sucrose and 4 to 0% formaldehyde in 0.1 M phosphate buffer, pH 7.1, 0.3 M NaCl, and 10-3 M EDTA (11) was formed by a Buchler mixing device. A 1.5-ml amount of 15% sucrose in the described buffer without formaldehyde was layered on top; this was followed by 1 distilled water. The stained specimens were examined in the electron microscope utilizing dark-field optics. All specimens were photographed in a Siemens 101 electron microscope.
Other techniques. The following techniques were described earlier (13) : preparation and lysis of phage-infected cells, isolation of VFS-DNA or 200S DNA from phage-infected cells, labeling of intracellular phage DNA, neutral and alkaline sucrose gradient analyses, and determination of trichloroacetic acid-insoluble radioactivity.
RESULTS
Development of VFS-DNA in vivo. To follow the intracellular generation of VFS-DNA, nonpermissive cells were infected with T4 phage carrying an amber mutation in gene 49 (amE727). The newly synthesized DNA was pulse-labeled from 8 to 12 min after infection with tritiated thymidine. At different times after infection, aliquots were removed from the culture and gently lysed by the lysozyme-Brij 58 technique (13) . The sedimentation behavior of the DNA was analyzed on neutral sucrose gradients. Purified phage T4 and empty heads isolated from a gene 49 mutant were run in parallel tubes, marking the positions of 1,OOOS and 410S, respectively.
The results in Fig. la What happens to the VFS-DNA complexes if permissive conditions are restored? A temperature-sensitive mutation in gene 49 (tsC9) was used for this investigation. Although the complex formation of tsC9 DNA is not as fast as in amB727-infected cells (probably due to leakiness of the ts mutation), the isolated DNA shows all characteristics of the VFS-DNA reported earlier (13) . The results of temperature shift experiments are demonstrated in Fig. lb and show that upon restoration of permissive conditions the VFS-DNA is almost quantitatively shifted from 1,400S to a lower value of 1,00S at the position of intact phage. Approximately 50% of the label in this position proved to be resistant to DNase I, which is taken as an indication of successful packaging (23) . The rest of the DNA remains DNase sensitive but cosediments with intact phage. The number of viable phage is 30-to 50-fold increased. No 200S material is produced, if compared with a control sample kept at 42 C after the shift. The same results are obtained when chloramphenicol is given 2 min before the shift, indicating that concomitant protein synthesis is not a requirement for successful head filling or DNA cutting after restoration of permissive conditions (25; data not shown).
It was reported that the VFS-DNA could be converted into a 200S form under the influence of active P49-containing crude cell extracts in vitro (9) . If this conversion is a fast and transient step in vivo, we might have missed the 200S product in our experiment. We therefore tried to block the ability of the temperaturesensitive mutation to propagate phage at low temperature by combining the tsC9 mutation with an amber mutation in the gene for the main head protein gene 23, amB17. At high temperature we expect the gene 49-defective phenotype and the production of VFS-DNA. After a shift to low temperature, P49 is reactivated and cleavage of the VFS-DNA could occur, but the block in head assembly should then lead to an accumulation of intermediates between VFS-DNA and packaged DNA. The results are present in Fig. ld Resistance of the VFS-DNA against enzymatic cleavage and hydrodynamic shear. Experiments by Huberman (12) strongly suggest that each cell infected with a 200S DNA-producing phage mutant gives rise to only one complex containing the DNA of a whole burst.
Our observation that the rate and yield of DNA synthesis is essentially the same in 200S-or VFS-DNA-producing strains (data not shown) favors the idea that the increase in sedimentation value of the VFS-DNA is caused by an increase in compactness rather than by variations in the amount of DNA per complex. As was shown in a preceding report (13) , no substances other than DNA were found in the VFS-DNA complexes and a direct DNA-DNA interaction was suggested as a reason for formation of the VFS-DNA. This could occur by incomplete recombinational events linking different parts of the DNA molecules (1, 2) and tightening the complex structure.
Recombinant structures frequently contain single-stranded regions (1, 2), which upon cleavage should result in a separation of the DNA genomes involved. If such regions were present in the VFS-DNA it should be possible to cleave them with single-strand-specific nuclease Si in vitro (30) , resulting in an unfolding of the complexes. As shown in Fig. 2a however, a 15-fold excess of that amount of the enzyme necessary to completely convert the heat-denatured gene 49-defective DNA into trichloroacetic acid-soluble material did not change the sedimentation behavior of the native gene 49-defective DNA, as judged from neutral sucrose gradient analysis. The analysis on alkaline sucrose gradients demonstrates the introduction of approximately one break on the average per single-stranded molecule (Fig. 2b) .
The sedimentation velocity of 20(0S DNA was drastically reduced if treated with nuclease Si, thus corroborating the results of Frankel (7).
The number of Si-introduced, single-strand breaks, however, was not significantly different from the number of breaks introduced into VFS-DNA ( Fig. 2e and f) . This result is surprising because the introduction of approximately the same number of single-strand breaks has a very different effect on the two DNA complexes.
In contrast, the VFS-DNA can be rapidly degraded after the exposure to crude extracts containing P49 ( Fig. 2c; 9 ) without introducing more than one break per single-strand molecule (Fig. 2d) . Control experiments show that VOL. 18, 1976 on However, these sites seem of no obvious importance for the complex structure.
If the DNA molecules are -more tightly packed in the VFS-DNA complexes than usual, one could expect an increased resistance against shear forces in comparison to less tightly packed DNA like the 200S material. This in fact is true, as is shown by our analysis of the sedimentation behavior of VFS-DNA and 200S DNA before and after the exposure to mild shear forces by pipetting.
More than 50% of the VFS-DNA still exists in a VFS form (Fig. 3a and b) , whereas all of the 200S DNA is reduced in its sedimentation value ( Fig. 3c and d) . On the contrary, the s value of the VFS-DNA is even enhanced after the shearing procedure, probably indicating a change in the complex structure. We think that loosely arranged DNA strands protruding from a compact center of the complex (see below) can reduce the sedimentation velocity in a parachutelike manner. Preferential removal of these strands by shear would then have an accelerating effect on the sedimentation of the rest ofthe VFS-DNA complex.
Visualization of gene 49-defective DNA. Visualization of released and membrane-bound DNA in the electron microscope was achieved by taking DNA samples after CsCl gradient centrifugation (13) and dialyzing and spreading them by the Kleinschmidt technique (15). Typical results obtained with DNA isolated at 30 min after infection are shown in Fig. 4b and c. Both preparations show the DNA in large complexes. The outer regions of these complexes consist of loosely arranged individual DNA molecules, whereas the centers are highly compact, exhibiting a typical network structure in which DNA molecules seem to be twisted around each other, forning strands of higher order. The membrane-bound DNA (M-DNA) (13) contains pieces of membrane and/or cell wall material predominantly attached to the center part (Fig. 4b) . This portion of the M-DNA can be removed by treatment with organic solvents, which results in the conversion of M-DNA into released DNA (13; electron microscopic observation not shown).
The network structure of the center, which develops quite early after infection (see next section), is typical for gene 49-defective DNA and is rarely seen in complexes from other mutants defective in DNA packaging (12) . A typical 200S DNA isolated at 15 min after infection from gene 23-defective phage (amB17) is shown in Fig. 4a . Its developmental stage is comparable to the gene 49-defective DNA shown in Fig.  5b . The center of the gene 23-defective DNA is smaller and the DNA molecules are more widely spread than in the gene 49-defective DNA.
Development of gene 49-defective DNA as observed in the electron microscope. The S values of the VFS-DNA increase with time after infection (Fig. 1) , and we wanted to know how this change is correlated with the structure of the complex. Therefore, samples were taken at 10, 15, 25, and 35 min after infection, and the isolated VFS-DNA was analyzed in the electron microscope. The results are shown in Fig. 5 . One can see that with increasing time the amount of DNA per complex increases while its center portion develops its typical network structure. At 30 min after infection the average size of the center (4 by 0.7 ,Lm) is comparable to the average size of the cell by which the complex is surrounded. The fact that the DNA content of the infected cell conserves the shape of the envelope despite the lysis and isolation procedure is taken as additional evidence for strong interactions between individual DNA molecules within the complex.
In situ lysis of cells infected with gene 49-defective phage. It has been reported that, after the removal of water by exposure to ethanolic solutions, the DNA collapses into a compact form of higher order (16, 17) . Some of these forns resemble the observed structures of the gene 49-defective DNA (cf. plate Ia in reference 16). Since the DNA in our preparations was exposed to 90% ethanol after spreading, the visualized network structures of the centers could be an artefact induced by the method. Therefore, we tried to reduce the danger of precipitation by eliminating the ethanol step and using the in situ lysis technique for visualization of the DNA (21) . A temperature-sensitive mutation (tsC9) was used, which permitted us to follow the development of the intracel- lular DNA after restoring permissive conditions. Cells were infected at 42 C in the usual way, and the culture was split into two portions at 30 min after infection. One sample was kept at 42 C, whereas the second sample was transferred to 28 C. At different times after the shift aliquots were removed from both cultures and prepared for the lysis procedure by placing them into 0.01% OS04 (final concentration).
Typical results are shown in Fig. 6 . Pictures were taken from samples isolated after 30 min at 42 C (Fig. 6a) or after 30 min at 42 C plus an additional 30 min at 28 C (Fig. 6b) . The preparation of the sample at nonpermissive temperature shows empty heads, cell wall material, and a network structure spread over the entire area of the lysed cell. This structure resembles the center of the DNA complexes seen before (Fig. 5) . No significant change in its appearance has been observed up to 60 min after infection at 42 C. The preparation of the cells that were shifted at 30 min to the permissive temperatilre and kept there for an additional 30 min has filled heads and does not show the complex DNA structures seen in the nonshifted cells.
The DNA structures observed in these cell preparations are not restricted to cells infected VOL. 18, 1976 with a gene 49-defective mutant. To a lesser extent they were also seen in gene 23-defective (amB17) phage-infected cells. Furthermore, the procedure does not allow a reliable distinction between the intracellular forms of VFS-DNA and 200S DNA.
It is worth noting that almost all the preparations of cells infected with gene 49-defective phage show a higher than usual number of lumps at both temperatures. Lumps consist of uncleaved, randomly aggregated P23 and their production is caused by mutations in gene 31 (18) . Recently, Vandersclice et al. (29) presented evidence that the concentration of P31 is reduced in cells infected with gene 49-defective phage, whereas the amount of uncleaved P23 was increased. The observed appearance of lumps in this study is consistent with their results.
Supercoiled VFS-DNA. Evidence was presented that the chromosome of E. coli is organized into a definite number of supercoiled loops (6, 27, 32) , and it would be interesting to know if this is the general way to maintain the order of oversized DNA molecules. Therefore, we analyzed different developmental stages of the gene 49-defective DNA for supercoiled molecules in the electron microscope. In only a few instances were we able to demonstrate supercoiled regions in the DNA (Fig. 7) . No correlation between the number of supercoils and the developmental stage of the DNA could be found.
This analysis is necessarily limited to the outer regions of the complexes, because the inner part is too tightly packed and details cannot be seen by the electron microscope. To test whether the compact centers contain supertwisted DNA, we exposed VFS-DNA to varying concentrations to ethidium bromide and analyzed the sedimentation behavior of the complexes on neutral sucrose gradients in the presence of the drug. Concentrations of ethidium bromide between 2 and 160 ,g/ml had no effect on the sedimentation behavior. Although this result is not a strong argument against the presence of supercoils in the complex, it does, however, exclude the possibility that such structures are of importance for the arrangement of the DNA in the VFS complexes.
Relationship between the VFS-DNA and head filling. We have shown that VFS-DNA can be used as a substrate for head filling when permissive conditions are restored. Other workers demonstrated the accumulation of partially filled heads in gene 49-defective lysates (14, 19, 25) . The observation that these heads cosediment with the gene 49-defective DNA was taken as evidence for a close association between the partially filled heads and unmatured DNA (19, 23) .
Our VFS-DNA preparations did not show any heads attached when we used the described standard isolation procedure (13) . However, when the DNA content of the heads was stabilized by polyethylene glycol and high salt according to the procedure of Laemmli et al. (19) , and when this treatment was followed by a cross-linking reaction (11), we were able to demonstrate directly the close contact of the gene 49-defective heads to the VFS-DNA complexes. In Fig. 8 a gene 49 -defective VFS-DNA complex is shown which contains a number of heads attached to protruding DNA molecules. Examples for a terminal connection between the heads and the DNA are shown in Fig. 9 . An examination of T4 heads cross-linked to the DNA complex in gene 49-defective mutants revealed heads in a variety of partially filled states (Fig. 9b-g ). Some heads were nearly empty, whereas others contained relatively large amounts of DNA. We believe that all of the complex-associated heads are attached to the DNA by virture of the continuity of the DNA seen outside the head and the DNA inside the viral head. Support for this notion is obtained from studies carried out in an identical fashion with mutations in genes 16 and 17. Although these mutations are also defective in DNA packaging and large numbers of empty heads are produced (19, 24) , these heads could not be cross-linked to and purified with the viral DNA using our techniques. Therefore, the accidental trapping of phage heads in the gene 49-defective DNA complex is ruled out. Our results find some support in the work of Wunderli and Kellenberger (H. Wunderli, personal communication), who obtained, by thin sectioning of phage-infected cells, incompletely full heads, which represent either particles into which only part of a full DNA complement has been packed or full particles of which a part of the DNA had escaped by artefact.
The use of positive staining with uranyl acetate followed by dark-field electron microscopy has allowed our study to be extended to include some preliminary observations on the process of packaging of the T4 DNA into virus heads during morphogenesis. The DNA in these positively stained preparations binds uranyl acetate much better than protein, and it is possible to determine the amount and disposition of DNA packaged into the virus heads (Fig. 9) . Empty heads contrast very poorly by the procedure, as is evident by examination of ghosted intact virions (Fig. 9a) .. tion (Fig. 9h) . It is of particular interest that those heads containing relatively small amounts of DNA in our experiments did not have this DNA uniformly distributed inside the heads. These areas of DNA concentration were peripherally located as though associated with some capsid structural component, perhaps the vertexes.
The isolated gene 49-defective heads that exhibit a DNA content of 10 to 50% cannot be filled to completion in the absence of gene 49 product (P49) in vivo. From the observed nucleolytic function of P49 (9; this paper) it was suggested that some steric hindrance of the DNA substrate might be the reason for the lack of complete head filling in the mutant (5) . We therefore began a search for some unusual structures in the VFS-DNA, and it was possible to demonstrate the appearance of branched DNA molecules sometimes situated close to the vertex of an attached head (Fig. 10) . Although a clear decision cannot be made with our present knowledge, these structures can be interpreted as recombinant structures (cf. reference 2, Table 2A , Plate Ia, b, Plate Ila, b). The observation that each branch of the Y-shaped structures shows the same diameter reduces the probability that these branches are stimulated by a kinked, folded, or twisted portion of the molecule. If it were true that uncleaved recombinant structures accumulate in the gene 49-defective DNA, leading to the generation of VFS-DNA complexes, it would be conceivable that the same structures can interfere with the process of head filling. DISCUSSION VFS-DNA complexes, which accumulate in cells infected with gene 49-defective phage under nonpermissive conditions, were isolated, and their structures were analyzed enzymatically and in the electron microscope.
With increasing time after infection a typical structure of increasing complexity is developed. Each complex characteristically consists of a center of tangled strands containing many DNA molecules and a surrounding area of more loosely arranged DNA loops and free ends (Fig.  4) . At present, it is difficult to decide whether the compact center portion of the complex represents the true structure of the DNA in vivo.
It cannot be excluded that the structure is artificially generated during the preparation, which includes an ethanolic washing step through which the DNA could be collapsed into the observed complex structure by precipitation (16, 17 the danger of precipitating the DNA is com-trated form, which must be different from the pletely eliminated. Regardless of these objec-organization of the 200S DNA since it is only tions, however, we may conclude that the VFS-generated in the absence of P49. DNA is arranged in a locally highly concen-FUNCTION OF GENE 49 OF PHAGE T4. II. 1013 and they maintain nearly the shape and the size of the cell (Fig. 4b and 5b-d) . The s value, which has been taken as a measure for the integrity ofthe complexes, is hardly changed by further manipulations (13) . The stability against shear is remarkable and differs greatly from the observed lability of the regular 200S DNA (cf. reference 7). This tightly packed DNA inside the cell can be reactivated for the process of head filling, as was shown by the analysis of the fate of the DNA in vivo (Fig. 1) .
What causes the difference between the VFS-DNA and the 200S DNA? We believe that a direct DNA-DNA interaction is involved in the compact structure ofthe VFS-DNA which is not realized in the 200S form. Such interaction could be achieved by recombination between individual DNA molecules if the recombinant structures are not completely cleaved in the VFS-DNA, thus leading to stable linkages between individual DNA strands. It also could explain why head filling does not go to completion if one assumes branched recombinant molecules blocking the entrance of the head. The demonstration of branched DNA structures in front of attached heads (Fig. 10 ) is in support of this idea. Gene 49 function would be necessary to cleave these structures. The observation of enhanced repair synthesis after the reactivation of P49 in vivo (22) could be interpreted as the result of this cleavage.
If this model were true, why can tsP49 not reverse the development of VFS-DNA in the absence of concomitant head filling after permissive conditions have been restored? Packaging of the VFS-DNA, however, can occur in this mutant after shift to permissive temperature without synthesis of proteins, provided all components needed for head filling are present. It seems conceivable to us that some head-related structure (s) is needed to allow tsP49 to act only on the DNA molecules that are actively being packaged. The findings that the same ts mutation (tsC9) does not completely prevent the generation of VFS-DNA under permissive conditions (9) and that extracts from cells infected with this mutant at permissive conditions do not cleave VFS-DNA in vitro (9; unpublished data) fit the model.
The fact that not all head-attached molecules that can be clearly followed over a distance of at least several head lengths show these structures is not a strong argument against the model. It is known that the partially filled heads are very labile (19) and their DNA content is largely dependent on the lysis procedure. Therefore, it is conceivable that the heads loose some of the already packed DNA before fixation, thus moving away from the interfering structure. Improved lysis procedures are needed to investigate this point.
The observation that the single-strand-specific nuclease Si does not cleave the VFS-DNA complexes whereas P49 does so efficiently in vitro (9) does not rule out recombinational structures as a complex building agent, because the single-stranded regions of the hypothetical DNA links could be filled in by repair enzymes, or for some other reasons they could be simply not accessible to the nuclease S1. The recombinant structures studied in T4-infected cells by Broker et al. (1, 2) were generated in the absence of DNA replication, and the observed single-stranded regions of the viral DNA may be due to a special situation.
An alternative to the recombinational model would be a model in which an unknown mechanism for unwinding the DNA exists, postulating a function of P49 as an untwisting activity able to release supertwists of higher order from the DNA. This type of supertwists should be different from the regular ethidium bromidesensitive supertwists, which were not detected as a main structural component in the VFS-DNA. From our present knowledge of the function of untwisting activities (4, 31) this alternative possibility seems unlikely to us.
Besides the study of the questions of how the phage DNA is kept in packagable order inside the cell and how the phage chromosomes are unraveled, it is likewise important to learn how the DNA is arranged inside the head as the process of head filling goes on.
The described procedure of cross-linking partially filled heads to the DNA has some promising potential in this respect, because it allows the study of distinct stages during head filling. The demonstrated accumulation of the DNA in locally separated, distinct portions inside the head during early packaging is an interesting observation. The peripherally localized concentration of the phage DNA within the partially filled capside suggests a preferential association of the genome with some specific areas of the head during filling. It is possible that the head filling process is initiated by aggregation of viral DNA in the vertexes of the capsid. A similar model for packaging of DNA in the capsid of adenovirions has been proposed by Brown et al. (3) . These authors have suggested that the adenovirus genome is concentrated into 12 DNA protein-containing spheres that are associated with the 12 vertexes of the intact capsid.
At the present time we cannot decide whether the DNA arrangement is due to some specific interaction between the DNA and head protein(s) or if it is the result of limited free space available at the early stages of packaging, where most of the head interior seems to be occupied by a protein core released concomitantly with DNA packaging by proteolytic degradation (26) , giving room for more DNA (19, 20, 28) . Studies are in progress in our laboratory to further investigate these questions.
